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High-capacity electrode materials made of abundant elements are
necessary to develop cost-effective energy storage applications. An
emerging new chemistry has involved a series of electrode materials
with a cation-disordered rock salt structure, and Li-excess and Mn-
based oxides with disordered structures are attractive candidates for this
purpose. Large reversible capacities for these electrode materials are
obtained through both cationic/anionic redox. However, cyclability
associated with insufficient reversibility of anionic redox in carbonate-
based electrolyte solutions is not acceptable for practical applications.
Herein, a significant improvement of electrode reversibility was achieved
with highly concentrated electrolyte consisting of LiN(SO,F), and
dimethyl carbonate. A practical problem when using high-viscosity
concentrated electrolyte, i.e., non-wettability of concentrated electro-
lyte to polyolefin separators with small pores, was also effectively solved
by using an aramid-coated polyolefin membrane. The improvement of
reversibility for anionic redox associated with the suppression of oxygen
loss, was clearly demonstrated by the results of X-ray absorption
spectroscopy of nanosized Lij 14Tip20Mngs;0, with the concentrated
electrolyte solution and aramid-coated separator. These findings have
shown the future possibility of developing applications of high-energy
batteries without ions of non-abundant nickel/cobalt.

To develop a sustainable society without depending on fossil fuels,
it is necessary to effectively use renewable energy resources, a goal
for which energy storage technology has a central role. Lithium-ion
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batteries are partly used for grid energy storage, but reducing the
costs of these battery materials, especially for positive electrodes, is
a key challenge. Currently, electric vehicles applications constitute
the largest market for lithium-ion batteries, and Ni-based layered
oxides are widely used in these applications.'™ State-of-the-art
lithium-ion batteries provide gravimetric/volumetric high-energy
density, which in turn yield driving distances competitive with
those achieved by internal combustion engine vehicles. However,
electric vehicles with Ni-based layered materials are expensive,®
and therefore developing cost-effective electrode materials is
necessary.

For this purpose, Mn-based layered materials containing
excess Li, namely Li,MnO; and its derivatives, have been
extensively studied as potential cost-effective positive electrode
materials.” ™" The importance of these electrode materials is
also found in anionic redox, in addition to cationic redox used
for conventional positive electrode materials. Large reversible
capacities are also obtained by using anionic redox. For
electrode materials made of Li,MnO; and its derivatives, the
Fermi level mainly consists of oxygen 2p orbitals, which have a non-
bonding nature associated with a linear Li-O-Li local enviro-
nment.">"® After the oxidation, oxygen in the Li-O-Li environment
becomes energetically destabilized, but then can become restabi-
lized as a result of electron donation from Mn t,, orbitals and the
formation of n-type bonding."* However, oxygen dimerization also
progresses when the concentration of oxidized oxygen is
increased.”® Oxygen dimerization is a partially reversible process,
but gradual oxygen loss cannot be avoided; hence, thus far, Mn-
based layered oxides have not found practical use for battery
applications.

Recently, the concept of anionic redox has been extended to
non-layered oxides, i.e., oxides with a cation-disordered rock
salt structure.'®™® Electrode materials with the disordered rock
salt structure were thought to be electrochemically inactive due
to the absence of any Li migration path. However, these oxides
have shown formation of percolative Li migration paths and are
hence also used as electrode materials.?® Because the percolation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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probability is increased with site concentration of Li ions in host
structures, the electrode kinetics are significantly improved by the
enrichment of Li in host structures. In addition, disordered struc-
tures provide rigid three-dimensional host structures without non-
isotropic volume expansion as observed in layered oxides.”' A new
functionality of disordered structures as electrode materials has
been reported in recent publications.”

Anionic redox has been used to achieve electrode materials
with a large reversible capacity, but inferior electrode reversi-
bility for layered and non-layered oxides is an unsolved pro-
blem, which is partly due to the insufficient stability of
electrolyte solvent against the highly reactive character for
charged samples.'®?® Therefore, in this study, the impact of
concentrated electrolyte solution was systematically examined.
Having all the solvent molecules in the concentrated electrolyte
solutions solvated to Li ions, and therefore electrons of the solvent
molecules partly donated to positively charged Li ions,>* resulted
in a HOMO energy level shift and better oxidative stability of
electrolyte solvent. Indeed, much improved electrode reversibility
in the concentrated electrolyte solution was achieved for a Mn-
based oxide with excess Li, namely Li;1,Tip20Mng5,0,, which
delivered a large reversible capacity using anionic redox. Based
on these results, the effectiveness of concentrated electrolyte for
anionic redox reaction is discussed in detail.

Li; 14Tip 20Mng 5,0, was synthesized from a mixture of
Mn, 03, TiO, (anatase, 98.5%, Wako), and Li,CO; (98.5%, Kanto
Kagaku). Mn,0; was synthesized by heating MnCO; (Wako) at
850 °C in air. These powders were mixed by using a planetary
ball mill (PULVERISETTE 7; FRITSCH) with a ZrO, pot (45 mL)
and balls at 300 rpm for 5 h with ethanol. The mixture was
dried, and then pelletized and heated at 900 °C for 12 h in Ar.
An XRD pattern and particle morphology of as-prepared
Li; 14Tip20Mng 5,0, are shown in Fig. 1a; the data were col-
lected using an X-ray diffractometer (D2 PHASER, Bruker)
equipped with a one-dimensional X-ray detector using Cu Ko
radiation generated at 300 W (30 kv and 10 mA) with a Ni filter.
Li; 14Tip20Mng 5,0, formed a solid solution, with a makeup
between those of Li,TiO; and LiMnO, (Li,TiO3:LiMnO, = 1:2
in a molar ratio). Using a scanning electron microscope (SEM,
JCM-6000, JEOL) with an acceleration voltage of 15 keV, the as-
prepared Li; 1,Tip ,0Mn, 5,0, was observed to consist of several
micrometer-sized particles with round shapes.

As-prepared Li; 14Tip20Mng 5,0, was further subjected to
high-energy mechanical milling using a planetary ball mill with
a ZrO, pot (45 mL) and balls at 600 rpm for 12 h. The ball-to-
sample mass ratio was 20:1. After this milling, nanosized
Li; 14Tip 20Mny 5,0, was successfully obtained, with the reduced
particle size clearly shown in a comparison of SEM images for
Li; 14Tip.20Mng 5,0, before and after milling. Moreover, peak
widths of the corresponding XRD patterns were significantly
broadened after milling, indicative of the domain size having
been reduced to less than 10 nm. This hypothesis was directly
supported by the scanning transmission electron microscopy
(STEM) results shown in Fig. 1b and Figure S1 (ESIt). Nanosized
Li; 14Tig20Mng 5,0, was observed using a STEM apparatus
(ARM200F, JEOL) with an acceleration voltage of 200 kV. Elemental
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Fig.1 (a) XRD patterns and SEM images of as-prepared and nanosized
Liy14Tig 20MNg 5705, and a schematic illustration of disordered rock salt
structure drawn using the program VESTA%’ (b) STEM and EDX images of
nanosized Li1v14TiQ_29Mﬂo_57OZ.

maps were also collected by using a STEM apparatus equipped
with an energy dispersive X-ray spectrometer (EDX, JED-2300T,
JEOL) with a resolution of 256 X 256 pixels. Nanosized
Li; 14Tig20Mng 5,0, was observed to consist of nanocrystalline
domains with dimensions of less than 10 nm, which is a common
feature for samples produced using high-energy mechanical
milling.>>*® STEM imaging with EDX spectroscopy also revealed
that Mn and Ti ions were uniformly dispersed throughout each
individual particle. Phase segregation was not evidenced for the
nanosized Li; 14Tip20Mny 5,0, subjected to the high-energy
milling.

Electrochemical properties of as-prepared and nanosized
Liy 14Tig.20Mng 57,0, were examined in Li cells with different
electrolyte solutions. The electrode performances of the sam-
ples were assessed using two-electrode-type cells (TJ-AC, Tom-
cell Japan). Electrode performance of carbon composite
samples was examined. A slurry consisting of 80 wt% active
material, 10 wt% acetylene black (AB, HS-100, Denka), and
10 wt% poly(vinylidene fluoride) was made, mixed, and pasted
on an aluminum foil. Metallic lithium (Honjo Metal) was used
as a negative electrode. The electrolyte solution used was
1.0 mol dm~? LiPF, dissolved in ethylene carbonate:dimethyl
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carbonate (EC:DMC = 3:7 by volume) (battery grade, Kishida
Chemical). The as-prepared sample was observed to be electro-
chemically less active, and a reversible capacity of only
25 mA h g~' was obtained at a rate of 10 mA g ' (Fig. S2a,
ESIt). The obtained nanosized powder was further mixed with
10 wt% AB using the planetary ball mill at 300 rpm for 12 h.
Compared to the material before this mixing, the
Li; 14Tip.20Mny 5,0, afterwards showed a reduced particle size,
in the sub-micrometer range, and showed improved electronic
conductivity when serving as an electrode material, leading to a
larger reversible capacity of ~200 mA h g™ ' at the same rate
(Fig. S2b, ESIt). The reversible capacity was even higher for
nanosized Li; 14Tip20Mny 5,05, and this sample showed
a value of ~280 mA h g" at 10 mA g~ ' at room temperature
(Fig. S2c, ESIT). Nanosized Li; 14Tig20Mny 5,0, also delivered a
reversible capacity of ~250 mA h g~ ' at 50 mA ¢~ as shown in
Fig. 2a, but with a capacity retention not acceptable for prac-
tical applications. The discharge capacity decreased to
130 mA h g~ over the course of 50 cycles (Fig. 2b), and 43%
of the initial reversible capacity was lost. The coulombic
efficiency for the second cycle was observed to be 96%; while
it gradually increased with increasing number of electrochemi-
cal cycles, it still only reached 98.5% at the 50th cycle.

To further improve electrode reversibility, highly concen-
trated electrolyte (HCE) with LiN(SO,F), (LiFSA) dissolved in
DMC (LiFSA:DMC = 1:1.1 in a molar ratio) was used as the
electrolyte solution.”® However, due to the overly high viscosity
of HCE (238.9 mPa s at 30 °C),”® a conventional polyolefin
separator with small pores was not wetted by HCE (Fig. 2a). A
glass fiber filter with large pores is often used instead as a
separator. But another problem was found: unstable voltage
profiles were observed associated with the internal short circuit
caused by growth of dendritic metallic lithium, which was used
as a counter electrode for half-cell tests (Fig. 2a and Fig. S2d,
ESIT). This growth appeared to be the critical problem when the
areal capacity of the metallic lithium was increased to >
1 mA h cm™? with the glass fiber filter used in our study.*®
Due to the ability of nanosized Li; 14Tip 20Mn, 5,0, to deliver a
reversible capacity of 280 mA h g~', the maximum sample
loading without the dendritic Li growth was expected to be only
3.57 mg cm 2, too low for practical applications (where >
10 mg cm ™ is necessary).*® This issue was effectively solved by
using HCE with an aramid-coated polyolefin separator. Polar
functional groups in aramid effectively improved the wettability
of HCE to the polyolefin membrane as shown in Fig. 2a. (The
preparation of the aramid-coated polyolefin separator is
described in the literature.>®) Moreover, small pores of poly-
olefin separators effectively suppressed the dendritic Li growth,
and a highly reversible cycling without internal shortage was
achieved. A much improved capacity retention was achieved
with HCE. A discharge capacity of 180 mA h g~ after 50 cycles
was observed, which corresponded to a 73% retention. Cou-
lombic efficiency was also improved, and 99.2% efficiency was
achieved at the 50th cycle. Rate capabilities of nanosized
Li; 14Tip.20Mng 5,0, in two different electrolyte solutions were
also compared (Fig. S3, ESIT). Despite the influence of the high
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Fig. 2 (a) Galvanostatic oxidation/reduction curves of nanosized

Li114Tio.20MNg 570, at room temperature; with 1 M LiPFg dissolved in EC/
DMC at a rate of 50 mA g~ (b) Capacity retention and (c) coulombic
efficiency. The electrochemical data with HCE (LiFSA : DMC molar ratio of
1:1.1) are also shown. A glass fiber filter separator (GB-100R, Advantec,
mass; 95 g m~2, porosity; 88.6%, and thickness; 0.38 mm), and aramid-
coated polyolefin separator were used.?® Results with HCE and
the aramid-coated separator are also shown. Electrode loadings

were 2.53-4.64 mg cm™2, corresponding to the areal capacities of

0.63-1.16 mA h cm™2.

viscosity for HCE on the ionic conductivity of electrolyte,
similar rate capabilities were obtained for the two tested
electrolyte solutions.

Conventional electrolyte and HCE with the aramid-coated
separator yielded differences in electronic structures of nano-
sized Liy.14_Tip20Mny 5,0,. Soft X-ray absorption spectroscopy
(XAS) data were collected at BL-11 (O K-edge and Mn Ly, pr-
edges) in the synchrotron facility of Ritsumeikan University
(Synchrotron Radiation Center). Absorption spectra were
acquired using fluorescence yield mode. Samples for XAS
measurements were handled in an Ar-filled glove box after
disassembling electrochemical cells, and the electrode samples
were transferred to the spectrometer without exposing them to
air by using a laboratory-made transfer vessel. A study involving
soft XAS at the Mn L-edge revealed, for both tested solutions, an
initially trivalent oxidation state of Mn ions in nanosized
Lij14—Tig20Mng5,0,, and a clear peak shift, attributed to
oxidation of Mn ions into the tetravalent state. The different
electrolytes yielded no clear difference for Mn ions after charge
(Fig. 3a). In contrast, some differences were noted between
their O K-edge XAS results, and a larger peak area was observed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (@ and b) Soft and (c) hard XAS spectra of nanosized
Liz14-,Tio 20MNg 5,0, on charge/discharges. (d) DSC curves of charged
nanosized Liy 14, Tip 20MNg 5,0, with different electrolyte solutions.

at 530 eV for the sample charged with HCE (Fig. 3b). A signal at
530 eV has been shown to be a specific feature for the activation
of anionic redox and following oxygen dimerization.'*'*> The
observed differences between the O K-edge XAS data after
charge were indicative of better stability of anionic redox for
HCE. This trend was further supported by the Mn K-edge XAS
results after discharge. Hard XAS was performed at beamline
BL-12C of the Photon Factory Synchrotron Source in Japan. The
composite electrodes were rinsed with DMC and sealed in a
water-resistant polymer film in an Ar-filled glovebox. The Mn
K-edge XAS signal was found in a slightly higher energy region
for the sample charged in HCE. Moreover, the two electrolyte
solutions yielded a clear difference between their discharge
states (after charge to 4.8 V). The Mn K-edge XAS signal was
observed to be at an energy position approximately 2.5 eV lower
when using the conventional electrolyte than when using HCE
(Fig. 3c). The thermal stability of electrode materials was
further evaluated by performing differential scanning calori-
metry (DSC; DSC-60 Plus, SHIMADZU) with a high-pressure-
resistant container made from stainless steel. Fully charged
(delithiated) samples, which were prepared by carrying out
electrochemical oxidation in Li cells, were used. Electrolyte
(0.75 pL) was added to 2.5 mg of samples. Containers were
heated at 10 °C min ' in a nitrogen atmosphere from room
temperature to 400 °C. The DSC study revealed a significantly
improved thermal stability of the fully charged sample when
using HCE (Fig. 3d). Heat generation started from 150 °C with a
sharp heat spike at 240 °C for conventional electrolyte. In
contrast, a main heat spike was observed at 270 °C for HCE
even though the two electrolyte solutions yielded similar total
heat generation levels. Note that the onset temperature of
electrolyte decomposition without the charged sample was also
higher for HCE (Fig. S4, ESIt). These findings clearly provided
evidence for the electrode reversibility of anionic redox being
significantly improved and effectively stabilized by HCE.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In this study, nanosized Li; 14Tig20Mng 570, has been stu-
died as a Ni-/Co-free high-capacity and cost-effective electrode
material for Li storage applications. Although a high energy
density is obtained with Mn cationic redox coupled with O
anionic redox, the reversibility of this electrode reaction with
anionic redox is not high enough for a conventional electrolyte
solution, which hinders its use for practical applications. Our
study revealed a significantly improved electrode reversibility
resulting from the use of HCE (LiFSA:DMC molar ratio of
1:1.1) coupled with the aramid-coated polyolefin separator,
which effectively solved the problem of HCE with non-
wettability to polyolefin separators. The superior tolerance to
oxidative electrolyte decomposition for HCE without free sol-
vent molecules was concluded to lead to the improved reversi-
bility of electrode materials using anionic redox coupled with
the partial suppression of oxygen loss. This finding has opened
a new path to future designs of high-capacity electrode materi-
als made from ions of abundant Mn and the further develop-
ment of high-energy battery applications with improved
reversibility for anionic redox through the optimized electrolyte
solutions.
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